We have shown previously that the mouse CD4 memory cell subset can be divided into two subpopulations based on differential expression of P-glycoprotein. Cells with high levels of P-glycoprotein can be detected by extrusion of the fluorochrome Rhodamine 123; they are referred to as R123'° cells. These R123 U> T cells increase with age and have been shown not to respond to anti-CD3 and IL-2 by proliferation or IL-4 production. We report here (a) that the failure of the R123 10 CD4 memory population to respond to anti-CD3/IL-2 stimulation cannot be overcome by addition of anti-CD28, PMA, IL-4 or 1L-12, alone or in various combinations, and (b) that this age-dependent subset exhibits impaired production of IL-5 and IL-10 as well as decreased proliferation. R123'° CD4 memory cells from young mice are also deficient in IFNy production, although aging improves IFNy secretion by this subset. Although the RI23 U cells respond poorly to receptor-dependent agonists, they can be triggered to proliferate and produce IFNy by the combination of PMA and ionomycin. In addition to increasing the proportion of R123'° cells in the memory CD4 pool, aging also leads to a decline in the ability of R123 M cells to produce IL-5 and IL-10. Thus, the accumulation ofR123 h cells cannot by itself account for the poor proliferation and Th2 cytokine production of aged T cells in cytokine-supplemented culture conditions. M ETHODS to discriminate among functionally distinct subsets of lymphocytes have frequently provided new insights into the regulation of immune responsiveness. We have shown previously that mouse T cells are heterogeneous in their ability to extrude the fluorochrome rhodamine-123 (R123) (Witkowski and Miller, 1993) . Extrusion of this dye seems to be mediated by P-glycoprotein, a member of the ATP-binding cassette (ABC) superfamily of transporters that includes the TAP1 and TAP2 molecules involved in assembly of Class I MHC molecules at the endoplasmic reticulum (Monaco et al., 1990) . T cells that can extrude R123 (R123 10 ) are found within the naive and memory CD8 subsets, and within the CD4 memory pool, and the proportion of R123' 0 cells increases between 6 and 24 months of age in each of these splenic T-cell subpopulations (Witkowski and Miller, 1993) .
M
ETHODS to discriminate among functionally distinct subsets of lymphocytes have frequently provided new insights into the regulation of immune responsiveness. We have shown previously that mouse T cells are heterogeneous in their ability to extrude the fluorochrome rhodamine-123 (R123) (Witkowski and Miller, 1993) . Extrusion of this dye seems to be mediated by P-glycoprotein, a member of the ATP-binding cassette (ABC) superfamily of transporters that includes the TAP1 and TAP2 molecules involved in assembly of Class I MHC molecules at the endoplasmic reticulum (Monaco et al., 1990) . T cells that can extrude R123 (R123 10 ) are found within the naive and memory CD8 subsets, and within the CD4 memory pool, and the proportion of R123' 0 cells increases between 6 and 24 months of age in each of these splenic T-cell subpopulations (Witkowski and Miller, 1993) .
These results suggested the hypothesis that the shift from R123 hi to R123 10 T cells might contribute to some of the age-associated changes in T-cell function, in the same way that the shift from naive to memory cells accounts for much of the loss, with age, in production of and response to IL-2 in cultures stimulated by polyclonal activators (Miller, 1991) . Indeed, we have reported (Witkowski et al., 1994) that the R123 hi subset of the CD4 memory population, from young or old mice, is substantially more active than the R123' 0 pool in responses initiated in culture by immobilized anti-CD3 antibody and IL-2. These experiments measured IL-2-dependent proliferation and IL-4 production as indices of T-cell activation. In addition to the accumulation with age of the nonresponsive R123 10 subset, the IL-4 and proliferation data also showed an age-dependent decline in the function even of the relatively responsive R123 hi cell type. The present set of experiments was performed to test several hypotheses suggested by the earlier work, (a) Can the poor response of the R123' 0 cells to stimulation by anti-CD3 and IL-2 be overcome by adding additional signals, such as those provided by anti-CD28 stimulation or by PMA-mediated activation of protein kinase C? (b) Is the difference between R123 hi and R123 10 CD4 memory cells limited to IL-4 production, or are similar differences demonstrable using other indices of memory T-cell function? and (c) To what extent can age-associated changes in memory T-cell function be attributed to the accumulation of cells with the R123 10 phenotype?
MATERIALS AND METHODS
Mice. -Specific pathogen-free CB6F1 male mice were obtained from a colony maintained by the Charles River Breeding Laboratory for the National Institute on Aging (Kingston, NY) and were housed after shipment, under pathogen-free conditions, for at least 1 week before use. Animals were given free access to laboratory chow and water. Sentinel mice are screened quarterly for common murine pathogens, including murine hepatitis and Sendai virus, and were repeatedly negative during the period of time in which these experiments were conducted. Mice found at necropsy to have a visible tumor or splenomegaly were discarded and not used for the experiments. Mice B138 BINING AND MILLER referred to as "young" were 3-6 months of age and those referred to as "old" were 18-21 months of age.
Preparation of CD45RB'" CD4 T cells by immunomagnetic bead separation. -Spleen cells were teased into
Hanks balanced salt solution (HBSS) containing 0.2% BSA by rubbing between frosted glass slides. Tissue debris and clumps were removed by passage through nylon mesh. Mononuclear cells were enriched by centrifugation over a cushion of Lympholyte-M (Cedarlane, Hornby, Ontario, Canada). B cells were then removed by panning the cell suspension over plastic dishes coated with anti-mouse IgG for 45 minutes at 4 °C. This procedure typically yields more than 90% pure T cells with fewer than 5% contamination of B cells. Next, CD8 cells and CD45RB hi cells were removed by incubating the cells with a mixture of rat antimouse CD8 ascites (clone 53-6.7) at 1:200 and 2.5 ug/ml purified rat anti-mouse CD45RB antibody (clone 16A; PharMingen, San Diego) for 45 minutes at 4 °C. After washing, magnetic beads (Advanced Magnetics, Cambridge, MA) coated with goal anti-rat Ig were added at 50 to 80 beads/cell and the mixture was incubated for an additional 40 minutes on ice. Magnetic field (Dynatech Magnetic Separator, Alexandria, VA) was applied three times to remove be,ad-binding cells and free beads. Of the resulting preparation, 95% were CD4 + and CD44 hi as judged by staining with FITC 0CCD4 and PE aCD44. We refer to these cells as "CD4 memory T cells."
Cell sorting based on R123 extrusion. -Purified CD4 memory T cells were incubated with 5 uM R123 (Molecular Probes, Eugene, OR) for 10 minutes at 37 °C, then washed and incubated in fresh medium for an additional 30 minutes at 37 °C to permit extrusion of R123 by P-glycoprotein, as previously described (Witkowski and Miller, 1993) . The cells were then suspended at 2 x 107ml and sorted on an Epics C fluorescence-activated cell sorter (Coulter Electronics, Hialeah, FL). Sorting windows for R123 10 and R123 hi cells were set so as to collect respectively the 20-40% of the cells with lowest and highest residual R123 fluorescence signal; cells with intermediate fluorescence were discarded. In each experiment, a separate batch of CD4 memory cells was stained with R123 and passed through the sorter without gating for R123 fluorescence emission; these controls, referred to as "mock-sorted" cells, were used to provide information about the influence of the sorting process on the functional outcomes. After each sort, cells were collected by centrifugation, resuspended in fresh medium (RPMI 1640 with 10% fetal bovine serum), and counted. The viability was estimated using a trypan blue exclusion test, and samples showing viability less than 90% were not used. In some experiments, the purity of the sorted cells was tested by staining the cells with PE ccCD3. T-cell depleted resident peritoneal cells (RPC) as feeders; the RPC had been prepared from young donors as previously described (Miller and Stutman, 1982) . The culture medium was RPMI-1640 supplemented with 10% fetal bovine serum, 5 x 10~5 M 2-mercaptoethanol, 1-glutamine, and antibiotics. For some cultures, as described below, IL-2 (2 units/ml) and IL-4 (12.5 units/ml) were added at the start of culture, and at day 3 half of the medium was replaced by fresh medium containing IL-2 and IL-4. In other cases, as described, the culture medium did not initially contain added cytokines, but at day 3 half of the medium was removed and replaced with fresh medium containing PMA (10 ng/ml) and IL-2 (2 units/ml). Supernatants were harvested at day 6 and tested for IL-5 and IL-10 accumulation by a sandwich ELISA method, using ccIL-5 (1 ug/ml) or aIL-10 (1 ug/ml) (PharMingen, San Diego, CA) as the capture Abs, and biotinylated aIL-5 (1 ug/ml) and aIL-10 (1 ug/ml) (PharMingen) as the detecting Abs. Purified recombinant IL-5 and IL-10 were used as standards. The biotinylated second antibodies were then detected using peroxidase-conjugated streptavidin and Ophenylenediamine (Zymed Laboratories, South San Francisco, CA). Values of IL-5 and IL-10 in unknowns were then estimated from the standard curves using a nonlinear regression method (GraphPad Prism, GraphPad Software, San Diego, CA).
Assay for IFNy production. -T cells or their subsets were cultured as described above with either anti-CD3 or a mixture of anti-CD3 and anti-CD28, plus RPC feeders, for 3 days, after which the medium was replaced by fresh medium containing IL-2 and 20 ng/ml of recombinant IL-12 (kindly provided by Dr. Stanley Wolf of Genetics Institute, Cambridge, MA). Supernatants were removed after an additional 3 days of culture, and tested for IFNy by a sandwich ELISA method using anti-IFNy antibodies purchased from PharMingen.
Cell proliferation assay. -After supernatants were removed at day 6 for cytokine determination, the spent medium was replaced with 50 ul fresh medium containing 0.5 uCi of [ ) was evaluated by data from a series of independent experiments, each of which used cell preparations from different individual mice. Since IL-5 and IL-10 values from these replicate mice were often not normally distributed, we used the nonparametric Wil-coxon signed rank test to evaluate the statistical significance of the differences, pairing the mice by experiment for age contrasts, and pairing subsets by experiments for contrasts between subsets. When R123 hi and R123 10 cells from both young and old mice were tested together (as in Figures  3, 4 , and 5), we also carried out a two-way ANOVA on logtransformed data for each stimulation condition separately, and report the /?(F)-values for the Age x Subset interaction term as an indication of the likelihood that aging leads to a different relationship between the two subsets in response strength. The paired Mest was used to evaluate the effects of age on T-cell proliferation.
RESULTS
Characterization and optimization of extended culture method. -Typical culture methods for cytokine production require fairly large numbers of responder cells (10 5 -10 6 ), and measure cytokine accumulation after a short interval (typically 1-3 days). R123 W and R123 10 cells, however, must be isolated by flow cytometry, and are not easily isolated in large numbers, particularly from aged mice, which are themselves in short supply. We therefore employed a culture method (Rocken et al., 1991; Li and Miller, 1993) in which responder cells are first activated by 3 days of culture with anti-CD3 antibody (with or without costimuli), and then permitted to expand in the presence of IL-2 for an additional 3-day period prior to measurement of cytokine secretion. These conditions permit detection of IL-5, IL-10, and IFNy production from as few as 2,000 cells/culture.
Two systems were used throughout the series of experiments. In the first system, responder cells were cultured with anti-CD3, IL-2, and IL-4, with or without anti-CD28, for a 6-day period, with replacement of IL-2 and IL-4 on day 3. In the second system, responder cells were cultured for 3 days with anti-CD3, with or without anti-CD28, and then on day 3 received fresh medium containing phorbol myristic acetate (PMA) with or without IL-2. Cultures were supplemented in both systems with resident peritoneal cells. Cytokine production at day 3 is typically below the detection limit, and therefore cytokine accumulation over the interval from 3 to 6 days is taken as the index of T-cell function. Figure 1 shows a representative experiment, one of three similar experiments done to determine the effects of a variety of stimuli and cytokines on production of IL-5 and IL-10 by unseparated splenic T cells from young mice. Anti-CD3 by itself, i.e., without added PMA, IL-2, or IL-4, induced only very low levels of IL-5 and IL-10 accumulation, not distinguishable from cultures set up without any responder T cells, and not significantly above the ELISA assay background levels. Neither IL-2 nor IL-4, added by itself on the first day of culture, was able to augment IL-5 or IL-10 production (data not shown), but the combination of IL-2 and IL-4 did support increased production of both IL-5 and IL-10 by CD3-stimulated T cells. PMA added at day 3 was able to mimic the effect of the mixture of IL-2 and IL-4, and the addition of IL-2 to PMA-supplemented cultures led to a small additional increase. CD3-stimulated cultures that contained RPC feeder cells without T cells did not produce levels of IL-5 or IL-10 above the background Each bar shows mean ± SEM for 4 wells set up to contain 2 x 10' spleen T cells (from a young donor) and 5 x 10' RPC, stimulated with plate-bound aCD3 or/and aCD28 for 6 days. Cultures were supplemented with PMA (10 ng/ml, added at day 3), or with PMA plus IL-2 (2 units/ml; day 3), or with IL-2 and IL-4 (12.5 units/ml, added day 0). Control cultures received with no T cells or no growth factors. Arrows at right show the sensitivity of the ELISA assays used. Similar results were obtained in two other independent experiments. levels even when these received optimal levels of IL-2 and IL-4 or PMA (not shown). Thus, both T cells and anti-CD3 were needed to obtain high levels of IL-5 and IL-10. Anti-CD28 costimulation had only a small additional effect in cultures beyond that supported by either PMA or the mixture of IL-2 and IL-4. These experiments showed that optimal production of these two cytokines required supplementation of the CD3 signal by either PMA or the combination of IL-2 and IL-4.
A similar series of optimization experiments was done to test the effects of various culture additions on IFNy production by CD4 T cells in 6-day cultures. These data (not shown) established that both IL-2 and IL-12 were needed for significant IFNy production, and that anti-CD28 stimulation produced only a small increment above the levels of IFNy induced by anti-CD3 alone.
Effect of age on T cell cytokine production in extended
cultures. - Figure 2 shows the results of a series of experiments done to determine if aging affects the production of IL-5, IL-10, or IFNy in these enriched microcultures. Each pair of bars shows the mean and standard error for a series of experiments each involving a comparison between T cells from one young and one old mouse; N = 7-9 experiments for the IL-5/IL-10 series, and N = 8-13 for the IFNy series. Age led to a decline in production of IL-5 (top panel) and of IL-10 (middle panel) regardless of the stimulation conditions used, and in each case the age effect was statistically significant (Wilcoxon test) at the level of p < .05. The decline in production of IL-5 and IL-10 is about two-to threefold, and cannot be overcome by costimuli including PMA, IL-4, and anti-CD28 antibody. There was, however, no decline with age in production of IFNY in IL-2/IL-12 supplemented cultures, whether or not anti-CD28 was used as a costimulatory signal (bottom panel). Proliferation in costimulated 6-day microcultures. -In previous experiments examining IL-4 production in cultures stimulated by anti-CD3 and IL-2 (Li and Miller, 1993; Witkowski et al., 1994) , we have noted relatively poor T-cell recovery in cultures set up with old responders. This suggests that relatively poor proliferation could be contributing to the age-dependent decline in cytokine production. To examine this idea in the context of costimulator-supplemented cultures, we measured uptake of 3 H-thymidine in the T-cell cultures whose cytokine levels are shown in Figure 2 . The results are shown in Table 1 . There is a consistent, but fairly small, age-dependent decline in T-cell proliferation in these extended cultures, which reaches statistical significance only for the cultures in which anti-CD28 and PMA are used as costimuli. We have shown previously (Li and Miller, 1993) that T-cell recovery in CD3-stimulated extended cultures also declines with aging. These data suggest that decline in proliferation could contribute, to some extent, to the decrease in IL-5 and IL-10 production documented in Figure 2 ; but the data are consistent with the idea that there may also be age-related deficits in costimulator-induced differentiation of resting or proliferating T cells into cytokinesecreting effectors.
IL-5 and IL-10 are produced only by the R123
hi subset of the CD4 memory population from young mice. -In initial experiments we found that most of the IL-5 and IL-10 producing CD4 cells were in the CD44 hi , CD45RB
10 memory subset, consistent with published reports (Hobbs et al., 1993 (Hobbs et al., , 1994 Dobber et al., 1995) . We have previously shown that CD4 memory cell production of IL-4 in CD3/IL-2 supplemented cultures is restricted to the R123 hi subset, which declines with age as a proportion of the memory cell pool. To see if this dichotomy between R123 hi and R123 10 cells also affected production of IL-5 and IL-10, and to see if the poor responses of the R123 10 subset could be overcome by costimuli, we carried out the series of experiments shown in Figures 3 and 4 . Figure 3 shows the IL-5 data. Among CD4 memory cells of young mice, only the R123 hi subset, which lacks P-glycoprotein expression, is able to produce substantial levels of IL-5 in any of the four culture conditions used. The difference was between young R123 hi and R123 10 cells was typically about fivefold and was statisti- included assays of IL-5 and IL-10 production by "mocksorted" cells that had been stained with R123 and processed through the cell sorter without reference to the intensity of the R123 signal. These mock-sorted controls generated levels of IL-5 and IL-10 that were intermediate between the levels for R123 hi and R123 10 T cells (data not shown). The IL-10 results, shown in Figure 4 , are qualitatively very similar to the IL-5 data, in that the R123 hi subset from young mice produced more IL-10 than either the R123 hi subset from old mice or the R123 10 cells from mice of either age. The R123 hi T cells from old mice were, however, able to make moderate amounts of IL-10 in cultures that were costimulated with PMA.
IFNy production by subsets of CD4 memory cells. - Figure 5 shows data from a series of experiments (N = 6 experiments for anti-CD3 and N = 10 for CD3/CD28) in which T-cell subsets were stimulated by anti-CD3, IL-2, IL-12, and RPC with or without anti-CD28 costimulation. Cultures using CD4 memory cells, like those on T cells documented in Figure 2 , found no evidence for any effect of age on IFNy production, and cultures of mock-sorted CD4 memory cells led to the same conclusion. R123
hi CD4 memory cells of young mice produced significantly more IFNy than R123 10 cells of young mice (/? < .05 for CD3 stimulation, and p < .01 for CD3/CD28 costimuli). R123 10 cells of old mice, however, produced significantly more IFNy m a n did R123 10 cells of younger animals (/? < .005 for the CD3/CD28 costimulated cultures). Thus, the ability of P-glycoprotein expression (and R123 extrusion) to discrim- 
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inate between IFNy producers and nonproducers in young mice is lost in older mice.
Diminished proliferation in R123'
0 memory CD4 T cells of young mice. - Table 2 shows 3 H-thymidine incorporation data from cultures of R123 hi and R123 10 CD4 memory T cells of young mice. Our previous work has shown that R123 10 T cells, which express P-glycoprotein, are significantly less able to proliferate in cultures stimulated by anti-CD3 and IL-2. The new data shown in Table 2 demonstrate that the proliferative defect cannot be overcome by IL-4, PMA, or IL-12 with or without anti-CD28 costimulation.
PMA and ionomycin in combination can induce proliferation and IFNy production by RI23'
0 CD4 memory T cells of young or old mice. -The poor responsiveness of R123'°C D4 memory cells might in principle have a trivial explanation: these cells, although still viable when assessed by trypan blue exclusion, might nonetheless be damaged by some aspect of the preparation process. Alternately, their low responses to CD3-mediated signals might reflect a defect in some component of the ligand-dependent activation cascade. To test these possibilities, we examined proliferation and cytokine production by R123 hi and R123 10 cells using a combination of receptor-independent stimuli, PMA plus ionomycin, that have been shown previously to overcome much of the age-related decline in receptordependent T-cell proliferation (Miller, 1986; Thoman and Weigle, 1988; Nagelkerken et al., 1991; Negoro and Hara, 1992) . The top panel of Figure 6 shows the results of a proliferation experiment, one of four performed with similar results. R123 10 cells, from young or from old mice, were found to be able to proliferate strongly in response to PMA plus ionomycin. Although IL-5 and IL-10 were not produced at detectable levels in the PMA/ionomycin cultures, both young and old T cells did produce moderate levels of IFNy ( Figure 6 , bottom panel; one of two experiments with similar results). In contrast to the responses stimulated by anti-CD3 ± anti-CD28 (Figure 5 ), the combination of PMA and ionomycin induced greater IFNy production in R123 10 than in R123 hi cells. We conclude that R123 10 T cells, although hyporesponsive to CD3 and CD28 stimulation, are Notes: All cultures received anti-CD3, IL-2, and RPC, plus the additives listed in column 1, plus either R123 W or R123 10 T cells from young mice, and were pulsed for 6 hr with 3 H-thymidine at the end of a 6-day culture. Values (means ± SE) are from 5 to 7 independent experiments for cpm x 10'\ Differences between R123" and R123' 0 T cells are statistically significant {p < .05 by Wilcoxon test) for each of the six culture conditions. able to proliferate and secrete IFNy when exposed to agents that bypass receptor-dependent activation processes. The ability of ionomycin to supplement PMA costimulation suggests that the poor responses of R123 10 cells may be due to abnormalities in calcium signal generation.
DISCUSSION
Our data provide some insight into the nature, extent, direction, and mechanism of age-associated shifts in cytokine production. It is clear from previous studies that aging in mice and humans leads to a decline in the proportion of CD4 T cells that express surface markers associated with naive cells, and a corresponding increase in memory T cells Mock-sorted
R123 R123
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Young
Age of mice Figure 6 . Proliferation (top) and IFNy production (bottom) by R123 subsets stimulated by PMA and ionomycin. CD4 memory T cells from young and old mice were separated into R123 hi and R123'° subsets; unseparated T cells and mock-sorted cells were prepared as controls. Top panel: 2x10* sorted cells were cultured for 6 days with 5 x 1 0 ' RPC in the presence of 1 ng/ml PMA and 400 ng/ml ionomycin. The cells were then pulsed with 0.5 uC of cells (Miller, 1995) . The extent to which the CD45RB phenotype is a stable and reliable marker of memory cell status has been questioned (Bell and Sparshott, 1990) , but the evidence showing enrichment of responsive memory cells in a pool with the CD45RB 10 , CD44
hi phenotype seems to us convincing (Dianzani et al., 1990; Lee and Vitetta, 1991; Miller et al., 1991) . Within the CD4 memory subset, aging leads to an accumulation of R123 10 cells, cells which in young or old mice are hyporesponsive to anti-CD3 and IL-2 in tests of cell proliferation and IL-4 production (Witkowski et al., 1994) . Our new data show that R123'° cells derived from the CD4 memory pool of young mice are poor producers of IL-5, IL-10, and IFNy, and that these deficits in proliferation and cytokine production cannot be overcome by costimuli including anti-CD28, IL-4, IL-12, or PMA. Among the activators examined, only ionomycin (in combination with PMA) was able to induce proliferation and IFNy secretion from the R123 10 subset. Aging led not only to an increase in the proportion of R123' 0 cells within the CD4 memory pool (Witkowski and Miller, 1993) , but also to a decline in the ability of the R123 hi cells to produce IL-5 and IL-10 (Figures 3 and 4) and an increase in the ability of R123 10 cells to secrete IFNy. Previous reports of Th2 cytokine production by T cells from aged donors have yielded mixed results, but have on balance suggested an age-associated increase in production of these cytokines, in contrast to our own data. There are reports of age-associated increases in production of mouse IL-4 (Ernst et al., 1990; Kubo and Cinader, 1990; Cillari et al., 1992; Daynes and Araneo, 1992) , IL-5 (Daynes and Araneo, 1992; Hobbs et al., 1993), and IL-10 (Hobbs et al., 1994) . IL-4 production by human peripheral blood T cells has, however, been reported to decline twofold with age (al-Rayes et al., 1992) , and a study using immunofluorescence to detect IL-4-producing mouse spleen and lymph node cells found a dramatic age-associated decline, although too few mice were tested to allow assessment of statistical significance (Green-Johnson et al., 1991) . Several groups have reported an increase with age in IFNy production by mouse T cells (Heine and Adler, 1977; Daynes and Araneo, 1992; Kirschmann and Murasko, 1992; Hobbs et al., 1993) , although there are also reports of declines in IFNy secretion in mouse (Cillari et al., 1992) and human (Albright and Albright, 1983; Abb et al., 1984; Gauchat et al., 1988) T-cell cultures. Our experiments, in which cultures were supplemented with IL-2 to allow 6 days of clonal growth prior to assessment of IL-4 (Li and Miller, 1993) or IL-5, IL-10, and IFNy (this report) have suggested a decline with age in Th2 (but not Thl) cytokine production. Each of these varying culture methods provides only an approximation of the conditions that obtain in vivo in the context of authentic immune responses to microbial infections, and the contrast between our results and data obtained from some of the laboratories that have used shortterm culture intervals suggests that age-related impairments of Th2 cytokine production might be seen only in circumstances in which several rounds of lymphokine-driven clonal expansion are involved prior to secretion.
If aging does lead, in intact animals, to a relative decrease in the amount of IL-5 and IL-10 production compared to IFNy production by memory T cells, this could have consequences for protective and pathological immunity in old age. Some investigators have suggested, for example, that an age-related decline in production of Th2 cytokines could contribute to the alleviation of allergic symptoms in elderly humans (al-Rayes et al., 1992) . In some animal models genetic differences in the propensity to secrete Thl and Th2 cytokines can lead to corresponding variations in vulnerability to infectious disease (Scott et al., 1989) , and age-related shifts in cytokine production have also been shown to improve vulnerability to some infectious agents (Cillari et al., 1992) . Decreases in production of IL-4, IL-5, and IL-10 might serve both to diminish production of some classes of antibody while also removing inhibitory influences on some forms of IFNy-dependent hypersensitivity (Snapper and Paul, 1987) . The preservation, in old mice, of IFNy production, seen in our own data ( Figure 2 ) and in a number of other published studies (Heine and Adler, 1977; Daynes and Araneo, 1992; Kirschmann and Murasko, 1992; Hobbs et al., 1993) might reflect in part the unexpected age-associated increase in IFNy production by the R123 10 subset (cf. Figure 5 ). At the outset of these studies, our working hypothesis was that the shift, in aging mice, from cells that do not express P-glycoprotein (i.e., R123 hi T cells) to those that do exhibit high P-glycoprotein levels would contribute to ageassociated shifts in responsiveness to polyclonal stimulators and cytokine production. Our current data on IL-5 and IL-10 support the idea, based on the IL-4 results, that the R123 10 subset is indeed hyporesponsive even in young mice. Thus, accumulation of R123 10 T cells with aging will tend to depress production of all three Th2 cytokines. Aging also leads, however, to a decline in IL-4, IL-5, and IL-10 production by cells within the R123 hi CD4 memory pool. This change cannot be explained by alterations among cell types defined by currently available markers, and may represent a subset-independent defect in some cell activation pathway. We conclude that the accumulation of R123 10 T cells is unlikely by itself to account for age-related declines in production of Th2 cytokines in enriched microcultures.
A second goal of this study was to determine if the poor responses of R123 10 cells to anti-CD3 stimulation could be overcome by additional costimuli. Neither anti-CD28, IL-4, or PMA was able to induce strong proliferation or production of IL-5 or IL-10 when added to anti-CD3 stimulated, IL-2 supplemented cultures of R123 10 T cells; nor could IL-12, with or without CD28 signals, restore proliferation or IFNy production by young R123 10 cells. The ability of R123 10 cells to proliferate and secrete IFNy in response to the combination of PMA and ionomycin suggests that these cells may have a specific defect in calcium signal generation, an idea we plan to test in future work. We know of no present evidence for or against the idea that P-glycoprotein itself may play a role in T-cell activation. In a variety of systems, P-glycoprotein has been shown to function as a transporter of peptides (Raymond et al., 1992) , steroid hormones (Wolf and Horwitz, 1992) , and chloride ions (Valverde et al., 1992) . Its expression on a hyporesponsive subset of CD4 memory cells, and on many CD8 naive and memory cells, seems likely to have some functional significance, whose nature at this point is a matter for speculation only. Two other laboratories have examined expression of Pglycoprotein as a potential marker of functionally distinct T-cell subsets, and their results are only partially consistent with our own data. One group (Pilarski et al., 1995) has used both R123 efflux and an antibody to P-glycoprotein to examine T and B cells from human peripheral blood. Efflux of R123 from human T cells seems to be slower than in the mouse system, requiring 3 hours to reach equilibrium, as compared to 30 minutes in our own system (Witkowski and Miller, 1993) . As in the mouse spleen system, R123 10 cells are more frequent in the CD8 than in the CD4 subset, and are about equally distributed between the naive (CD45RA + ) and memory (CD45RO + ) CD8 subsets. In the CD4 subset of human blood, however, R123'° cells are predominantly naive (CD45RA + ), whereas in the mouse spleen most of the CD4 R123 10 cells are of the memory (CD44 hi ) phenotype (Witkowski and Miller, 1993) . In humans, the proportion of T cells with the R123 10 phenotype increases slightly between birth and age 18, but then shows little further change after age 20, again in contrast to our data on mouse spleen. R123-disparate human T cells have yet to be tested for functional differences.
A second group (Bommhardt et al., 1994) has examined P-glycoprotein function in mouse splenic and LN T-cell subsets, using CD45RB and CD44 to discriminate between naive and memory CD4 cells. In agreement with our findings, they noted that the proportion of R123 10 cells increased with age, although no mice older than 6 months were studied. In contrast, however, they report that nearly all CD4 memory cells (CD45RB 10 ) in the LN of 3-monthold mice were R123' 0 , while our own data (Witkowski and Miller, 1993) suggested that only 15% of splenic CD4 memory cells were in the R123 10 class at this age. Conversely, this group reported substantial variation in R123 efflux within the naive (CD45RB hi ) CD4 pool, with almost half of the naive cells showing the R123 10 phenotype by 6 months of age; our own results suggest a much lower proportion of R123 10 cells in the naive CD4 pool, even in very old mice. The functional studies reported by Bommhardt and colleagues (Bommhardt et al., 1994) focus on the CD4 naive pool, and show the R123 10 subset to be more potent, compared to R123 hi naive cells, for proliferation and production of IL-2 and IFNy, in responses to a variety of polyclonal activators. No information is given on functional capabilities of R123 subsets within the CD4 memory pool, which under their conditions is uniformly R123
10
. At present, we do not have a satisfactory explanation for the major discrepancies between our results and those of the Bommhardt group.
What, then, is the function of the R123 10 subset of CD4 memory cells? On the basis of our results, these cells seem not to be responsive to anti-CD3 even in the presence of feeder cells, anti-CD28, PMA, and IL-2 and IL-4, when responses are measured by proliferation or production of IL-4, IL-5, or IL-10. They are also defective at IFNy production in young mice, although the R123 10 pool of old mice seems to have recovered some ability to secrete IFNy. It is possible that these cells represent an anergic statepermanent or transient -in the developmental repertoire of the CD4 lineage. It is also possible that these cells may require specific signals, such as those provided by specific accessory cells or by MHC-presented cognate peptides, that are not effectively mimicked by anti-CD3 stimuli. Tests of the ability of R123 10 cells to respond to recall antigens may shed light on this question. The low proliferative responses; of the R123 10 subset may reflect alterations in the expression of growth factor receptors, or defective signal transduction by these receptors. The ability of ionomycin to overcome at least one of the functional defects of the R123 10 pool suggests that these cells may have specific defects in signal transduction pathways needed for increases in free calcium concentration. The potential role of the P-glycoprotein pump itself in signal pathways, and the mechanism by which P-glycoprotein is upregulated in the R123 10 subsets, also pose attractive targets for further investigation.
